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SUMMARY

Metallorganic chemical vapor deposited heteroepitaxial indium phosphide

(InP) solar cell experimental results have been simulated by using a PC-ID

computer model. The effect of emitter parameter variation on the performance

of a n÷/p/p + heteroepitaxial InP/GaAs solar cell has been presented. The

thinner and lighter doped emitters were observed to offer higher cell

efficiencies. The influence of emitter thickness and minority carrier

diffusion length on the cell efficiency with respect to dislocation density

was studied. Heteroepitaxial cells with efficiencies similar to present day

homojunction InP cell efficiencies (>16-percent AMO) _ere shown to be

attainable if a dislocation density lower than 106 cm-2 could be achieved. A

realistic optimized design study yielded InP solar cells of over 22-percent

AgO efficiency at 25 °C.

INTRODUCTION

Indium phosphide (InP) solar cells have important applications for space

power owing to their improved radiation resistance (refs. 1 to 3). They also

offer the prospects of high efficiency {refs. 4 to 7). In fact, efficiencies

*National Research Council-NASA Research Associate at Lewis Research

Center.



as high as 19.1-percent AMO on 2- by 2-cm metallorganic chemical-vapor-

deposited (MOCVl)) homoepitaxial InP solar cells have been reported recently

(ref. 8); however, the present InP wafer cost may limit its large-scale use.

This problem is being overcome by growing single-crystal InP films on Si and

GaAs wafers (refs. 9 and 10). This approach would provide large-area, lower

cost, light-weight, and mechanically strong InP solar cells.

Present day heteroepitaxial cells are not very efficient because of the

large number of dislocations (ref. 11) created by lattice and thermal

mismatch. Efforts are underway to achieve high efficiencies by improving film

quality. Recently, heteroepitaxial InP cells with efficiencies as high as

13.7-percent AMO (25 °C) have been reported (ref. 12). Such efficiencies were

achieved by introducing proper MOCVD graded GaIr_s buffer layers between InP

and GaAs layers, thereby reducing the number of dislocations (ref. 13).

In the present work, MOCVD films of ImP on GaAs wafers were considered.

The PC-1D computer program (refs. 14 and 15) was used to simulate the hetero-

epitaxial InP cells, and the simulation results were compared to experimental

cell results. The n*/p/p ÷ heteroepitaxial Inp cells analyzed in this work

were manufactured by Spire Corporation under contract to NASA Lewis Research

Center. These 0.5- by 0.5-cm cells had shallow emitter junctions. Minority

carrier diffusion lengths have been varied to match the measured results on

the InP/GaAs cells (ref. 16). This paper describes the effect of varying the

emitter parameters, namely thickness and doping, on the cell performance

parameters. Decreasing emitter thickness was observed to have a significant

effect on the cell characteristics, and lightly doped emitters gave better

results. The effect of emitter thickness and hole diffusion length on the

cell efficiency with respect to dislocation density was studied. The results
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showed that heteroepitaxial cells with efficiencies similar to present day

homojunction InP cell efficiencies ()16-percent AMO) are possible, if the

dislocation density lower than 106 cm-2 can be achieved. However, the emitter

must be properly tailored to achieve the best possible efficiencies. A

realistic optimized design study was carried out, predicting InP cells with

over 22-percent _0 efficiency at 25 °C.

EXPERIMENT

Indium phosphide heteroepitaxial cells were manufactured by Spire

Corporation under contract to NASA Lewis. They used a metallorganic

chemical-vapor-deposition technique to grow InP layers on GaAs wafers.

Figure I shows the n+/p/p + solar cell structure. The emitter, base, and

buffer layer were 40 nm, 3 pm, and I pm thick and had-doping concentrations of

2xlO 18 cm-3, 3xlO 16 cm-3, and IxlO 18 cm-3, respectively. The front and back

contacts were made of Cr/Au/Ag and a Au-Zn alloy respectively. The front grid

coverage was 5 percent, and the cells had a double layer ZnS/MgF 2

antireflection coating. The cell area was 0.25 cm2.

A batch of eight cells was measured at NASA Lewis under a simulated AMO

spectrum (137.2 mW/cm2, 25 °C) by using a NASA Learjet-calibrated InP standard

cell. The average values and standard deviations of the measured short

circuit current, the open circuit voltage, and the efficiency (total area) of

the eight cells are shown in table I.



RESULTS AND DISCUSSION

The PC-1D computer model (refs. 9 and 10) was used to simulate the

experimentally measured cell results. Minority carrier diffusion lengths were

varied to match the calculated values with the experimentally measured

results. A 16-nm hole diffusion length in the emitter and a 0.42-pm electron

diffusion length in the base correlated well with the current-voltage (I-V)

measurements as shown in table I. Figure 2 shows the calculated and the best

matched I-V characteristics of the simulated heteroepitaxial Imp/GaAs solar

cell. More details about solar cell modeling and the effect of variation of

minority carrier diffusion lengths on the heteroepitaxial cell performance are

described in reference 16. Figures 3 to 7 describe various calculated results

on the effect of varying the emitter parameters and show the realistic

optimized design study of the ImP space solar cell. During modeling

calculations, when one parameter was changed, all other parameters remained

constant, except when emitter doping was varied.

In figure 3, from plotting the effect of emitter thickness on the cell

performance, we can see that cell short-circuit current and efficiency both

improve significantly with decreasing emitter thickness. We also found that

the open-circuit voltage remains nearly constant and shows a decreasing trend

for emitters thicker than 40 rim (not shown in fig. 3). Thinner emitters offer

higher efficiencies, but it would be difficult to correctly predict the cell

behavior for very shallow emitters (around 10 nm thick) because of the

interaction and effects of surface and space charge fields. Achieving such

thin controlled emitters poses a great technological challenge, especially by

thermal diffusion techniques. However, with the advancements in MOCVD growth



techniques, it should be possible to fabricate approximately 20-nm-thick

emitters to achieve the highest possible efficiencies. The improvement in

cell current for thinner emitters is due to improved recombination of minority

carriers.

Figure 4 depicts the effect of emitter doping'on cell performance. The

cell efficiency and short-circuit current decrease with increases in emitter

doping. The open-circuit voltage values are somewhat scattered in the 1018 to

1019 cm-3 doping range, but they definitly increase for dopings higher than

1019 cm-3 (not shown in fig. 3). Lightly doped emitters offer better cell

performance due to increased minority carrier diffusion lengths, but optimal

doping must be determined to learn the effect of an increase in series

resistance. A further study to include the effects of a front surface field

by high-low junction should be carried out. In calculating the results shown

in figure 4, all the parameters were kept constant wh_le doping concentrations

were changed; one exception, the variation in hole diffusion length according

to internal model calculations, is illustrated in figure 5. In the absence of

accurate knowledge of the doping dependence of minority carrier diffusion

length, the calculated results of figure 5 are the best approximation in the

doping range of interest.

Figure 6 shows a plot of the heteroepitaxial cell _[0 efficiency as a

function of dislocation density. The dislocation density ND was calculated

from the simple relation (ref. 9) expressed as

4 1
N - (1)
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where LD is the dislocation limited minority carrier diffusion length and is

considered to be the electron diffusion length in the base. The solid line in

figure 6 shows the variation of the cell efficiency as a function of

dislocation density for a hole diffusion length of 16 nm and emitter thickness

of 40 rim. Clearly as the dislocation density decreases, the cell efficiency

improves significantly. These results are improved if the hole diffusion

length in the emitter is increased to 80 nm, as shown by the dashed curve.

The efficiency-dislocation density curve improves further when emitter

thickness is reduced to 30 nm and to 20 nm, as Shown in figure 6. Here, we

can see that heteroepitaxial InP solar cells with efficiencies similar to

present day homojunction InP cell efficiencies (>16 percent AMO) are possible

if a dislocation density lower than 106 cm-2 can be achieved. Perhaps such

advancements as identifying proper buffer layers, suitable annealing, and

improved growth techniques will make possible the manufacture of large-area,

highly efficient, radiation-hard, low cost, light weight, and mechanically

strong heteroepitaxial InP cells for space power applications. The recently

developed method of producing heteroepitaxial In_P cells of over 13-percent AMO

efficiency by controlling the dislocation density at around 107 cm-2 (owing to

introduction of a proper GalnAs buffer layer) is an important step toward the

desired goal. These cells have an emitter thickness of around 25 rim, and

their efficiencies are in reasonable agreement with the calculated results in

this paper (see fig. 6).

In figure 7 we have plotted the calculted I-V results of a 4-cm 2 area n÷p

InP solar cell based on our realistic optimized design study. This study

yielded a cell efficiency of over 22-percent AMO at 25 °C; fabrication of such

cells should be possible in the near future because of cell material growth



and processing improvements according to design. The details of the optimal

design study of high efficiency InP solar cells will be discussed in a future

paper. Table II describes the optimum design parameters for achieving high

efficiency InP cells.

CONCLUSIONS

From the work reported herein, the following conclusions can be drawn:

(1) Short minority carrier diffusion lengths in the emitter and base are

associated for the heteroepitaxial InP solar cells considered in this work.

(2) Thin emitters offer higher cell performance because of reduced

recombination. To achieve high efficiencies, target thicknesses should be

around 20 nm.

(3) Cells with lightly doped emitters achieve better cell performance

due to improved minority carrier diffusion length. Doping densities of about

1018 cm-3 should be targeted to achieve high efficiencies.

(4) Fabrication of heteroepitaxial InP cells with efficiencies

equivalent to homojunction cell efficiencies (_16-percent AMO) should be

possible, provided a dislocation density below 106 cm-2 is achieved. This

would require the advancements in the development of suitable buffer layer and

growth techniques to improve the lattice and thermal mismatch.

(5) An optimal design yields InP solar cells with over 22-percent AMO

efficiencies at 25 °C. Based on the design parameters, fabrication of high
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efficiency cells should be possible in the near future because of cell

material and processing improvements.
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TABLE I. - COMPARISON OF MEASURED AND CALCULATED

HETEROEPITAXIAL InP CELL PARAMETERS

Measured

average
(standard

deviation)

Short-circuit

current,

Isc,
mA

6.654

(.180)

Open-circuit

voltage,
VOC,

mV

666.6

(.037)

Efficiency,

Eff,

percent

8.92

(.t38)

Calculated 6.657 665.2 9.05

TABLE II. - DESIGN PARAMETERS OF AN OPTIMALLY DESIGNED InP

SOLAR CELL

Emitter thickness, nm ......................... 20
Emitter doping, cm-3 ....................... . . 1018
Hole diffusion length, pm ...................... 0.1

Front surface recombination velocity, cm/sec ........... 104
Front grid coverage, percent . . • .................. 6
Intrinsic carrier concentrate, cm-3 ................ 8x106
Base thickness, tan ........................... 5
Base doping, cm-_ ......................... 5x1016
Electron diffusion length, pm .................... 20
Back surface recombination velocity, cm/sec ............. 105
Cell series resistance, fl cm2 ..................... 1
Energy bandgap, eV ........................ 1.35
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ZnS/MgF 2
antireflection _- Cr/Au/Ag
coating -.-.. ,, front contact\

Emitter n + 2x1018 cm"3 40 nm

Base p 3x1016 ¢rn-3 3 ].ul1

Buffer p+ lx1018 cm"3 1 wn

GaAs wafer

Back contact: Au-Zn

Figure 1 .--Structure ofa MOCVD InP/GaAs solar cell.
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